Radiation dose absorbed in the organic extractant was estimated for the countercurrent extraction with mixer-settler in the partitioning of the high-level liquid waste of fuel reprocessing.
INTRODUCTION

Applicability
of an extractant to the treatment of high-level liquid waste (HLW) from nuclear fuel reprocessing depends largely on the radiolytic degradation of the extractant because of a high radiation density of HLW. In the previous paper(1), the authors have clarified radiation-chemical behaviors of di (2-ethylhexyl) phosphoric acid (DEHPA) , one of the most useful extractants for the treatment of HLW. Gamma radiation causes sequential decomposition of DEHPA through mono(2-ethylhexyl)phosphoric acid (MEHPA) to H3PO4, by a successive rupture of ester bond (C-0).
It is well known that 1-irradiation of DEHPA enhances the extraction capability for lanthanoids(2)(3) and actinoids(2)(4), and this effect is mainly due to the formation of MEHPA. On the other hand, MEHPA and 2-ethylhexanol produced from DEHPA by radiolysis in the presence of oxgen were found to depress the extraction of strontium(5)~ (7) .
In cases where radiation effects on extraction occur it is essential to estimate radiation dose for designing extraction step in such a process as partitioning of HLW, where highly radioactive materials are treated. In the present work the absorbed dose in the extractant passing through a mixersettler was calculated for co-extraction of lanthanoids and actinoids in partitioning. The * Tokai-mura, Ibaraki-ken 319-11.
-59 - II. CALCULATION OF ENERGY ABSORPTION
Bases of Calculation
The feed solution for extraction is HLW generated from reprocessing of spent LWR fuel of a burnup of 33,000 MWD/MT and a specific power of 30 MW/MT.
The solution is concentrated to 500l/MT fuel, and it contains 0.5% of uranium and plutonium existed in the spent fuel. The kinds and amounts of radionuclides by fission and actinoids in HLW were referred to a literature (16) .
Radionuclides of more than 10-2Ci/l were taken into account for the present calculation.
The mixer-settler has 10 banks, each of which consists of a cylindrical mixer and a rectangular settler (Fig. 1 ). The ratio of the volumes of organic, dispersed and aqueous layers in a settler is assumed to be constant during operation.
The extractant, 1 M DEHPA diluted with n-dodecane, extracts lanthanoids, actinoids, yttrium, zirconium and niobium. On the other hand, strontium, barium, cesium, technetium, silver, tellurium, ruthenium and rhodium are not extracted by DEHPA. The operating conditions of the mixer-settler are shown in Fig. 2 . The concentrations of the extractable C(Ex) and unextractable elements C(Un) in each bank of the mixersettler are shown in Table 1 , where the concentration of the elements is normalized to that in the feed solution.
The values for the extractable elements in Table 1 were determined by a preliminary experiments (17) and by a simplification that every Since the contribution of g-ray to the absorbed dose in the solvent was found to be only 2 to 4% of the total absorbed dose, calculation for g -ray was eliminated in this paper .
Calculation of Power Density of Feed Solution
The power density of the feed solution for solvent extraction was calculated as follows :
G= E A,•E"x 3.7 x10" x 1.602 x 10-" (w/t) ,
where Ai is the radioactivity concentration (Ci/l) of a nuclide i in the feed solution and Eav the average energy of the radiation emitted from the nuclide i per disintegration (MeV). Values of Eav for a-decay were obtained by summing a-particle energy multiplied by the relative fraction of the decay path, and Eav for b-decay was taken from Nuclear Data Tables(18) .
Energy Absorption in Mixers
Under the assumption that the extraction equilibrium between two phases is attained in relatively short time compared with the residence time 90~180 sec of the solvent in the mixer, the concentration of the extractable elements in the organic phase in the mixer C-(Ex) can be regarded as equal to that of the settled organic layer in the settler (Cg).
The calculation for the absorbed energy due to aand b-particles are described below.
(1) Alpha Particles Assuming that the a-particles emitted from the nuclides in the organic phase whose ranges are smaller than 0.1 mm in water can be absorbed completely in organic droplets in the dispersed phase, whereas a-particles coming from the aqueous phase do not contribute to the absorbed dose in the solvent.
Then the absorbed dose in the solvent passing through the mixers by a-particles is obtained by the following equation :
where Ga is a power density of the feed solution, and C3; the relative concentration of the extractable elements in the settled organic phase at bank j. The tmj is residence time of the organic solvent in the mixer at bank j and given by ( 2 ) Beta Particles Since most of the range of b-particles in the organic and aqueous solutions is considerably larger than the size of both aqueous and organic droplets in the dispersed phasec(12), b-particles are assumed to be absorbed homogeneously in the dispersed phase and their energy may be divided between organic solvent and aqueous solution in proportion to the electron fractions of both components.
Therefore the absorbed dose in the organic solvent which is passing through the mixer-settler, is given by -61 -G' and GT are effective /3 power densities respectively of the extractable and unextractable elements of the feed solution in the mixer, and are given by gPil3m,
where [Is, is p power density of nuclide i in the feed solution, pmi fraction of pparticles which are emitted from nuclide i and absorbed in a mixer by the Richardson's method""'. Cm(Ex), and Cm(Un), are relative concentrations for the extractable and unextractable elements in the mixer at bank j, respectively. K ., is electron fraction of the organic solvent in the dispersion layer at bank j. Similarly td means residence time in the dispersed layer and presumed to be one tenth of t0, i. e. 0.008 h.
( 2 ) Beta Particles As the liquid in the settler consists of settled organic and aqueous layers and dispersed layer, absorption of p-particles in the organic layer was calculated for /3-particles emitted inside the solvent and for those escaping from the dispersed layer underneath the organic layer and being absorbed in the organic layer :
where G"; is effective /3 power density of the settled organic layer, and given by
is fraction of /3-particles emitted from nuclide i and absorbed in the settled organic layer. Gf3)-" is effective /3 power density of the dispersed layer with respect to the settled organic layer and calculated by a similar equation : Gir)= E where 0, is fraction of /3-particles emitted from nuclide i in dispersed layer and absorbed in organic layer. CC, is concentration of the elements in the dispersed layer , P1 volume ratio of dispersed layer to organic layer (8 ml/16 ml=0.5).
Similarly, the absorbed dose in the organic solvent in the dispersed layer is obtained as the sum of the dose due to /3-particles emitted in the dispersed layer and the dose due to /3-particles coming from the organic and aqueous layer : where is effective /3 power density of the dispersed layer, and given by 13,0, is fraction of 13-particles emitted from nuclide i and absorbed in the dispersed layer. Gr-is effective p power density of the settled organic layer with respect to dispersed layer, and obtained by where 770 , is fraction of 13-particles emitted from nuclide i in the organic layer and absorbed in the dispersed layer.
Similarly GVD is effective IS power density of settled aqueous layer with respect to dispersed layer, and given by where 7A, is fraction of 13-particles emitted from nuclide i in the aqueous layer and absorbed in dispersed layer. C.4 ., is relative concentration of the elements in the settled aqueous layer at bank j, P2 and P3 are volume ratios for organic layer to dispersed layer (16 ml/8 m/=2) and aqueous layer to dispersed layer (24 ml/8 m/=3), respectively.
III. RESULTS AND DISCUSSION
Absorbed Dose in Organic Solvent
The results of the calculation for the radiation dose in the organic solvent during solvent extraction by mixer-settler are shown in Table 2 , in which DM and Ds mean the absorbed dose in the mixers and the settlers, respectively.
As clearly seen from Table 2 , 13-particles give the largest burden of the radiation dose to the solvent : it amounts up to 70 to 90% of the total dose. Contribution of a-particle increases with increase of time after fuel discharge from the reactor : from 9% at 150 days to 24% at 10 yr. The total absorbed dose in the organic solvent per one process is approximately 10, 5.0 and 0.42 Wh/1 for the cooling times of 150 days, 1 yr and 10 yr, respectively.
The absorbed doses in the solvent in each section of the mixer-settler are shown in Table  3 . Approximately 70% of the total dose is absorbed in the settled organic layer in the settler and 20% in solvent in the mixer. On the other hand, it is reported that the settled organic phase in the settler in TBP extraction at Windscale absorbed only 10% of the total dose(") .
The absorption profiles of a-and P-particles in the mixer-settler are shown in Fig .  3(a) and (b) . Broken lines in Fig. 3(b) mean the doses due to p-particles from the unextractable nuclides. A large fraction of energy absorption comes from the scrubbing section (bank 5•/7) due to the extracted nuclides. Therefore absorption of radiation by the solvent in the processing with a mixer-settler can be controlled to a great extent by changing the number of banks for scrubbing .
The absorbed dose (Wh//) in the solvent per one extraction run is plotted in Fig . 4 (white circles) together with power density (W /l) of the feed HLW (black circles) for the cooling time of 150 days , 1 yr and 10 yr after fuel discharge from the reactor . Contributions of principal nuclides to the absorbed dose in the solvent are also shown in Fig . 4 .
The absorbed dose in the solvent decreases in proportion to the decrease of power density. The orders of nuclides contributing to the absorbed dose are as follow : "Tr (54%) , "Nb (14%), 212Cm (7.5%), 91Y(6.0%) and "Y (4.3%) for 150 days cooling and soy (69%) , 244Cm (20%) , 2"Ain (2.0%) , "4E1 (1.7%) and "813u (1.15') for 10 yr cooling . On the other hand , the contributions of the unextractable nuclides such as "'Rh , "Sr, "Sr, '"Cs and '97Cs, which cause large power density of the feed solution , are small by a factor of several tens compared with the extractable elements. Since the absorbed dose depends greatly on process conditions, direct comparison of dose calculated for a particular process with dose calculated for different process conditions is insignificant. Therefore, the total absorbed dose in the solvent during passing through the process was converted to specific absorption x"" as is shown by the following equations : x3f=Dm/TmG , xs=DslTsG, xms=xm+xs,
where TM and Ts are residence time (h) of the organic solvent in the mixers and settlers respectively, G is the power density (W/1) of the feed solution.
Specific absorption is an absorbed dose expressed in term of energy absorption per unit time and unit power density. Therefore x is independent on the process conditions.
The x values obtained are listed in Table 4 . In the LWR fuel reprocessing (Purex, pulsed column) at Eurochemic"4), the dose absorbed in the solvent during passing through the column of 1st extraction cycle was estimated to be smaller than 0.1 Wh//, but xms extended from 0.12 to 0.32 and was averaged at 0.19. This value is approximately a half of x,,fs in 
Effects of Absorbed Dose on Solvent Extraction
Studies concerning the radiolysis of DEHPA'" and its effects upon the extraction(""" revealed that more than 10% of the extractant decomposes with the absorbed dose larger than 200 Wh/1, where extraction efficiencies of DEHPA toward Sr( 11), lanthanoids(111) and Am(M) begin to decrease.
These finding suggest that the organic solvent will incur the critical dose by 20 cycles of the treatment of the most crucial feed solution, i. e. 150 days cooling, but it will tolerate more than 400 cycles of treatment of the feed solution of 10 yr cooling.
On the other hand, Fig. 4 also shows that the absorbed dose in the solvent decreases to less than one tenth of that of 150 days depending principally on "'Pr and then "Y in the HLW after about 3 yr cooling. Therefore the partitioning of HLW should be accomplished after the most optimum cooling, on the stand point of radiation damage to the solvent. Several years cooling after the fuel reprocessing will eliminate the significant radiation effect on the actual extraction process , even when solvent washing is dispensed with.
IV. CONCLUSION
The absorbed dose in the organic solvent due to absorption of a-and 8-particles during extraction of lanthanoids and transplutonides for partitioning of HLW was estimated to be about 10, 5.0 and 0.42 Wh/l for 150 days, 1 yr and 10 yr after fuel discharge from reactor, respectively.
Although these values are several tens times as large as the reported values for fuel reprocessing , the radiolytic effects of the extractant upon the solvent extraction of strontium, lanthanoids and transplutonides for partitioning are expected to be sufficiently small provided that it is carried out after several years cooling from the fuel reprocessing.
Absorbed dose in the solvent can be reduced by adopting more improved contactors than mixer-settler , e. g. a centrifugal contactor, or by reducing the scrubbing section, because a large fraction of the absorbed dose in the solvent comes from the settled organic layer and in the scrubbing section .
